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As part of a multidisciplinary health effects study, the nephrotoxicity of complex industrial waste mixtures was assessed. Adult, male Fischer 344
rats were gavaged with samples of complex industrial waste and nephrotoxicity evaluated 24 hr later. Of the 10 tested samples, 4 produced
increased absolute or relative kidney weight, or both, coupled with a statistically significant alteration in at least one of the measured serum parame-
ters (urea nitrogen (BUN), creatinine (CREAT), and BUN/CREAT ratio). Although the waste samples had been analyzed for a number of organic
chemicals and 7 of the 10 samples were analyzed also for 12 elemental metals and metalloids, their nephrotoxicity was not readily predicted from
the partial chemical characterization data. Because the chemical form or speciation of the metals was unknown, it was not possible to estimate their
contribution to the observed biological response. Various experimental approaches, including use of real-world complex mixtures, chemically
defined synthetic mixtures, and simple mixtures, will be necessary to adequately determine the potential human health risk from exposure to com-
plex chemical mixtures. - Environ Health Perspect 1 03(Suppl 1):67-71 (1995)

Key words: metals, nephrotoxicity, complex mixtures, chemical interactions

Introduction
Humans are exposed either concurrently or

sequentially to multiple chemicals by a

variety of exposure routes. Given that most

toxicologic evaluations involve assessment

of single chemicals and that human expo-

sure is typically to multiple chemicals, it is
important to determine the circumstances
under which the toxicity of chemical mix-
tures can be predicted based on knowledge
of the toxicity of the individual compo-

nents. Past and current studies on the non-

cancer health effects of chemical mixtures
or multiple chemical exposures have
focused predominantly on simple mixtures
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of two or three chemicals, describing the
interaction and probing the underlying
interactive mechanism. This mechanistic or
bottom-up approach (1) has been dictated
by the practical reality that it is impossible
to assess the toxicity of all mixtures and
multiple chemical exposures. To illustrate,
evaluation of the interactions) of three
chemicals at five different dose levels,
including a zero and four nonzero dose lev-
els for each chemical, in a full-factorial
experiment (all possible dosing combina-
tions of one, two, and three chemicals)
would require 125 different treatment
groups and assuming 6 or 10 animals per
treatment group, 750 or 1250 animals,
respectively. Ultimately, development of a
mechanistic understanding of the behavior
of simple mixtures will increase our ability
to extrapolate to other dose levels, other
exposure scenarios, other mixtures, and
other species, including humans, leading to
improvements) in the risk assessment of
chemical mixtures.

The alternative to the bottom-up
approach is the top-down approach in
which research initiates with defining the
toxicity of complex mixtures and is fol-
lowed by determination of similarity to
other mixtures of interest and identification
of the toxic constituents (1). In comparison
to simple mixtures, much less research on
the noncancer health effects of complex

mixtures has been conducted and reported
in the peer-reviewed literature. In this study,
evaluation of the nephrotoxicity of complex
industrial waste mixtures containing both
organics and metals will be used to illustrate
the advantages and disadvantages of the use
of real-world complex mixtures in toxico-
logic evaluation of chemical interactions.

Ten samples of complex industrial waste
were assessed in a multidisciplinary health
effects study. The lethality, hepatotoxicity,
and genotoxicity of these wastes have been
reported previously (2-7). These studies
were designed to aid in identification of
toxic waste mixtures; evaluation and estima-
tion of potential health risks; examination
of biologic end points potentially suitable to
screen complex waste mixtures of unknown
toxicity; and assessment of the ability to
predict biologic effects from partial chemi-
cal characterization data (8). A limited eval-
uation of the acute nephrotoxicity of these
10 waste samples was conducted in the
same rats used for assessment of lethality
and hepatotoxicity (4-6) but has not been
reported to date.

Materials and Methods
The 10 waste samples were from the input
stream of 6 hazardous waste incinerators
(Table 1). The waste samples had been
analyzed for a number of organic chemicals
(Table 2) (9). This partial chemical
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Table 1. Physical description of complex waste mixtures.

Waste
sample' Physical state Description

A Liquid Black, very thin oil
B Liquid Black, oily liquid
E Liquid Composite of organic wastes; thin, dark liquid
Gbc Semi-liquid Organic waste; biphasic, thick gray sludge with reddish-brown liquid
Hc Suspension Aqueous waste; thin, gray slurry
Jd Liquid Composite of organic wastes; thick, gray, liquid with suspended solids
Kd Liquid Similar to J, but lighter in color and thinner
L and Me Tar Composite of organic wastes; black, thin, pourable tar
Oe Liquid Composite of aqueous wastes; clear, watery liquid

'Table from Simmons et al. (5). bSample G consistedprimarily of a thick sludge that could not be dispersed by
mixing; thus, only the liquid portion of G was tested. Ce 'Waste samples with the same superscript were from the
same incinerator. The samples were from the input stream of six hazardous waste incinerators; two received
waste from a single company (A,B); three accepted waste from a variety of industrial sources (E,J,K,L,M,O); and
the waste source of one incinerator was not specified (G, H) (9).

Table 2. Concentrations (mg/g) of organic chemicals in complex waste mixtures.a

Waste sample ID
Chemical A B E G H J K L M 0

Aniline 14
Benzene 0.3 46 58 <0.1
Benzylchloride 3.0
Bis-(2-ethylhexyl)-phthalate 0.5 3.8 0.2 0.2
Butylbenzylphthalate 0.3 0.5 <0.1 0.2 0.1
Carbon tetrachlorideb 68 44 6 4.4 <0.1 5.9 5.7 9.1 11.3 <0.1
Chlordane <0.1 <0.1
Chlorobenzene 4.1 0.4 0.5 <0.1
Chloroform 2.9 0.3 <0.1 0.1 <0.1 <0.1
Chloromethane 1.2
Chlorophenylisocyanate 21
Cresols 2 2.5
m-Dichlorobenzene 2.3
o-Dichlorobenzene 46
p-Dichlorobenzene 59
cis-1,4-Dichloro-2-butene 18
trans-1,4-Dichloro-2-butene 59
Diethylphthalate 1.3 0.2
2,4-Dimethylphenol 0.5 2
Hexachlorobutadiene <0.1 <0.1
Hexachlorocyclopentadiene <0.1 <0.1
Hexachloroethane 0.6
Isophorone 0.1
Methylene bromide <0.1 <0.1 4.7
Methylene chloride 21 0.1 0.3 <0.1
Methyl ethyl ketone 9.7 18 38
Naphthalene <0.1 0.4 0.5 <0.1 0.4 0.5 <0.1 <0.1
Phenol 1.0 1.7 1.8
Phenylisocyanate 160
Tetrachloroethylene 11 <0.1 9.8 1.6 7.9 8.1 <0.1 0.2 <0.1
Toluene 240 2.4 45 2.9 56 48 160 390 <0.1
1,2,4-Trichlorobenzene 0.3
1,1,1-Trichloroethane <0.1 24 16 0.3 0.2 <0.1
Trichloroethyleneb 4 40 5.5 4.4 <0.1 8.1 7.8 8.3 10.3 <0.1
Water, % 1.8 0 3.2 48 95 21 23 4.7 5.3 96
Characterized mass, % 45 39 6 54 96 33 36 27 52 96

These data were abstracted from the U.S. EPA (9).This table contains minor corrections of previously published
versions. bFor the purposes of a study on the performance of incinerators (9), carbon tetrachloride and trichloro-
ethylene were used as internal standards in samples B, E, G, J, K, L, and M.

characterization should not be viewed as
indicative of the overall chemical composi-
tion of the samples as characterized mass
ranged from a low of6% for sample E to a

high of 96% for sample 0. Additionally, 7
of the 10 waste samples had been analyzed
for 12 elemental metals and metalloids
(Table 3) (9). The details of the chemical

analyses have been described previously
(9).

Adult, male F344 rats were exposed by
gavage to 1 of the 10 waste samples, as
described previously in greater detail (5).
Rats were dosed in three sequential blocks,
with concurrent controls in each block.
Dosages, based on lethality at 5 ml/kg and
on available sample volume, ranged from
0.5 to 5.0 ml/kg. Approximately 24 hr after
dosing, rats were anesthetized, weighed, and
bled from the abdominal aorta. The kidneys
were excised and weighed. Serum was col-
lected and frozen at -40'C until analyzed.
Serum chemistry profiles were obtained
commercially (Vet-Path, Teterboro, NJ)
and included determination of the concen-
trations of urea nitrogen (BUN) and creati-
nine (CREAT). Feed (Purina Rodent Lab
Chow No 5001, Ralston .Purina,
Checkerboard Square, MO) and tap water
were available ad libitum except for the 16
to 18 hr prior to termination when feed but
not water was withheld.

The data were subjected to Bartlett's
test for homogeneity of variances (10). The
criterion of significance for the homo-
scedasticity tests was p<0.001 (11). The
data from each block were analyzed by
analysis of variance (12). When the results
of this analysis indicated statistically
significant differences between groups
(p< 0.05), least-squares means were used to
determine those treatment groups that var-
ied significantly from the concurrent con-
trol (p< 0.01).

Results
Administration of 7 of the 10 tested samples
resulted in mortality within 24 hr of dosing.
The lethal potency of the samples varied
greatly (Table 4) and they could be separated
into three groups of descending toxicity
(A,B,J,K) > (L,G,M) > (E,H,O). The deaths
resulting from exposure to the waste samples
and the limited sample volume available
greatly limited our ability to do a full dose-
response assessment of the target-organ toxi-
city of these mixtures. Four samples
(A,E,G,M) increased absolute kidney
weight, while 5 samples (A,E,G,L,M)
increased relative kidney weight (Table 5).
The increases in kidney weight ranged from
approximately 8.5 to 10% at 5 ml/kg of
samples E, G, and M to 25% at 1 ml/kg of
sample A. The increases in relative kidney
weight ranged from 7.8% at 2.5 ml/kg of
sample L to 22% at 1 ml/kg of sample A.
The BUN, CREAT, and BUN/CREAT
data are summarized in Table 5. Exposure
to only one of the 10 samples, A, resulted in
an increase in serum BUN. Administration
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Table 3. Concentrations (pg/g) of metals and metalloids in complex waste mixtures.a
Waste sample ID_

Chemical A G H J K L M
Antimony <12 61 <10 437 373 <24 <24
Arsenic <24 <20 <20 <14 <14 <23 <23
Barium <7 140 6 1160 1150 990 1100
Beryllium <2 <1 <1 <1 <1 <1 <1
Cadmium <5 6 <1 153 15 49 55
Chromium <5 57 3 431 425 250 290
Lead <19 150 <10 1830 1800 1200 1300
Mercury <22 <10 <10 <4 <4 <50 <50
Nickel 68 7 2 26 27 <4 <4
Selenium <470 <100 <100 <21 <21 <160 <160
Silver <3 <1 <1 <1 <1 <1 <1
Thallium <23 <20 <20 <9 <9 <22 <22

aThese data were abstracted from U.S. EPA (9) by DeMarini et al. (3).

of 2 waste samples, E and G, resulted in available due to limited sample availability
increased serum CREAT, with both dose and high mortality, histopathologic evalua-
levels of sample E resulting in elevated tion of the kidneys is not available, and
CREAT. In contrast, 6 of the 10 waste sam- serum BUN and CREAT are not notably
ples resulted in significantly altered sensitive to low levels of renal damage
BUN/CREAT ratios relative to the respec- (13). Nonetheless, several interesting
tive block controls. BUN/CREAT was observations may be made. Absolute kid-
increased for sample A, due to increased ney weight has been observed to be a rela-
BUN without a corresponding increase in tively sensitive indicator of nephrotoxicity
CREAT. Decreased BUN/CREAT ratios for known nephrotoxicants (14). With
were noted for samples E and G due to nephrotoxicity defined as increased kidney
increased CREAT, while decreased weight (either absolute or relative) coupled
BUN/CREAT for samples J, L, and 0 with a significant alteration in at least one
appear to reflect subtle, nonsignificant alter- serum parameter, samples A, E, G, and L
ations in BUN and CREAT levels. were nephrotoxic.
Discussion To avoid possible bias in the biological

assessment of these waste samples, they
It would be difficult to determine definitively were tested without prior regard for their
the nephrotoxic potential of these waste chemical composition. Following toxico-
samples because dose-response data are not logic evaluation, the resulting toxicity was

Table 4. Lethality in rats administered complex waste
mixtures.a

Waste
sample Block

Controls 1
2
3

A 3
1

B 3
1

E 2
2

G 1
H 3
J 3

2
2

K 3
2
2

L 2
2

M 1
0 2

Dosage,
ml/kg

0
0
0

1.0
5.0
1.0
5.0
2.5
5.0
5.0
5.0
0.5
2.5
5.0
0.5
2.5
5.0
2.5
5.0
5.0
5.0

No. dead
N

0/8
0/8
0/8
1/6
6/6
0/6
6/6
0/4
0/2
1/6
0/6
0/6
4/4
2/2
0/6
4/4
2/2
0/4
1/2
1/6
0/6

Mortality,

0
0
0
17

100
0

100
0
0

17
0
0

100
100

0
100
100

0
50
17
0

"Table from Simmons et al. (5).

compared to that which might have been
expected based on knowledge of chemical
composition. Comparisons of observed
toxicity to predictions based on chemical
composition are important, as an approach
used to identify wastes as hazardous is
based on partial chemical characterization
(15). The organic and metal chemical
profiles of the nephrotoxic waste samples
were not readily distinguishable from those
of the other waste samples. This can be
illustrated by examination of the metal

Table 5. Renal effects in rats administered complex waste mixtures.a

Waste Dosage, Body weight, Kidneys weight, Relative weight BUN, CREAT,
sample Block ml/kg g g of kidneys, % mg/dl mg/dl BUN/CREAT
Controls 1 0 220.0 ± 5.8 1.67 ± 0.03 0.76 ± 0.02 21.1 ± 2.1 0.58 ± 0.05 36.9 ± 3.8

2 0 201.5±3.8 1.55 ±0.06 0.77±0.03 21.0±2.6 0.60±0.08 35.1 ±2.4
3 0 210.6±5.1 1.60±0.04 0.76±0.01 22.6±2.4 0.40±0.08 57.6±7.9

A 3 1.0 214.6±7.9 2.00*±0.22 0.93*±0.07 79.5* ±38b 0.68+0.19 110.6 34.5
1 5.0

B 3 1.0 209.0 ± 6.7 1.62 ± 0.07 0.78 ± 0.02 19.5 ± 1.9 0.58 ± 0.19 36.8 ± 13.8
1 5.0 - -

E 2 2.5 199.8 ± 3.2 1.60 ± 0.06 0.80 ± 0.03 22.0 ± 3.9 0.85* ± 0.24 26.4* ± 2.9
2 5.0 200.2 ± 5.2 1.68* ± 0.003 0.84* ± 0.02 24.5 ± 3.5 0.85* ± 0.07 28.8* ± 1.8

G 1 5.0 216.0 ± 4.4 1.82* ± 0.08 0.84* ± 0.03 19.6 ± 2.8 0.78* ± 0.08 25.1 * ± 2.6
H 3 5.0 211.5±6.4 1.66±0.11 0.78±0.04 22.8±2.8 0.47±0.08 50.2±11.1
J 3 0.5 207.6 ± 3.2 1.64 ± 0.07 0.79 ± 0.03 21.5 ± 3.6 0.65 ± 0.28 35.9* ± 9.0

2 2.5
2 5.0

K 3 0.5 211.9 ± 4.7 1.65 ± 0.06 0.78 ± 0.02 24.3 ± 2.9 0.67 ± 0.23 38.8 ± 8.5
2 2.5
2 5.0

L 2 2.5 193.5* ± 2.4 1.61 ± 0.06 0.83* ± 0.04 17.0 ± 2.0 0.68 ± 0.05 25.1* ± 1.2
2 5.0 -

M 1 5.0 211.1 ± 9.1 1.83* ± 0.10 0.87* ± 0.06 24.5 ± 1.7 0.68 ± 0.10 36.7 ± 5.0
0 2 5.0 202.9 ± 3.3 1.58 ± 0.05 0.78 ± 0.02 20.2 ± 3.3 0.65 ± 0.05 30.9* ± 2.7

aData are reported as mean + SD. N shown in Table 4. bN= 4.*p < 0.01.
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profiles of several of the waste samples.
Although J and K were among the most
hepatotoxic of the waste samples (5), they
produced little or no evidence of nephro-
toxicity in this study. There is little differ-
ence in the elemental metal composition of
these two apparently nonnephrotoxic sam-
ples and sample L, which produced evi-
dence of nephrotoxicity.

It is important to note that only 7 of
the 10 samples, including 3 of the 4
nephrotoxic samples, were analyzed for
metals and that this analysis was for ele-
mental metals. Because the chemical form
of these metals is unknown, it is not possi-
ble to estimate the contribution of these
metals to the observed biological response.
Chemical form or speciation of a metal is
an important determinant of absorption
and distribution as well as of toxicity (16).
For example, speciation influences either
the pharmacokinetics, toxicity, or both of
arsenic, chromium, lead, mercury, nickel,
selenium, antimony, and barium (16,17).
With mercury as an example, the gastroin-
testinal uptake of methylmercury com-
pounds approaches 100% but for inorganic
mercury compounds is less than 10% (18).
Although neurotoxicity is produced by
both methylmercury compounds and by
elemental mercury, the signs and symp-
toms differ (18).

Although lack of knowledge of specia-
tion is limiting, several interesting points
may be noted. The metal concentrations in
these wastes were low relative to those
expected to produce nephrotoxicity. For
example, an acute NOAEL in rats for cad-
mium nephrotoxicity has been reported to
be 150 mg/kg (19). In contrast, the highest
concentration of cadmium in the waste
samples was 153 pg/g found in sample J. A
14-day study with mercuric chloride in
F344 rats resulted in a NOAEL for renal
effects of 0.93 mg/kg/day (20). It is also
interesting to note that with the exception
of selenium, the concentrations of metals
in the nonnephrotoxic waste samples
equaled or exceeded the concentrations in
the nephrotoxic samples. Finally, nonaddi-
tive interactions, both antagonistic and
synergistic, have been reported between
various metals in the waste samples [for a
review, see Krishnan and Brodeur (21)].

Although there were known nephro-
toxic chlorinated organic chemicals in the
waste mixtures, e.g., chloroform (CHC13)
and hexachlorobutadiene (HCBD), they
were not present at concentrations
expected to produce toxicity. Sample A
produced marked elevations in kidney
weight and BUN and had the highest con-

centration of CHC13, 2.9 mg/g. This con-
centration of CHC13 is well below that
producing overt nephrotoxicity in rodents
following acute or subacute oral adminis-
tration (22). Serum BUN levels in male
Sprague-Dawley rats were not elevated 24
hr after oral gavage with 75 mg CHCl3/kg
(23). HCBD was present only in samples L
and M and at very low concentrations, less
than 0.1 mg/g. Male F344 rats exhibited
increased serum BUN and kidney weight
24 hr after ip administration of 50 mg
HCBD/kg, with substantially less toxicity
seen in 63-day-old rats (the age closer to
the rats used in the present study) than in
22-day-old rats (24). The strain depen-
dence of HCBD nephrotoxicity in rodents
is less prominent than age and sex differ-
ences; based on serum BUN 24 hr after
administration of 100 mg HCBD/kg, male
F344 rats are more susceptible than male
Long Evans rats and at least as, if not more
susceptible than male Sprague-Dawley and
Alderly Park rats (25).

Although the level of chemical informa-
tion available was greater than might be
expected for most complex wastes, the
characterization was far from complete.
Less than 50% of the total mass was char-
acterized for 6 of the 10 samples, with less
than 60% of mass known for 8 of the 10
samples. In only two cases (samples H and
0) was characterization greater than 90%
complete and this was due to the fact that
the water content of these samples was
greater than 90%. Thus, the toxicity associ-
ated with these mixtures may be due to the
presence of toxic components in the
unidentified fraction. The presence of
unidentified but highly toxic chemicals is
of particular concern when trying to esti-
mate or predict the toxicity of a mixture
based on knowledge of some but not all of
its component chemicals. Examples of toxi-
city being associated with a highly toxic
contaminant that accounts for a minority
of the total mass include 2,3,7,8-tetra-
chlorodibenzo-p-dioxin contamination of
2,4,5- trichlorophenol, hexachlorophene,
chlorinated benzenes, and Agent Orange
(26), and the significant contribution of
nitroarenes to the mutagenicity of diesel
emissions and carbon blacks (27).

While partial characterization of com-
plex mixtures appears to be the rule rather
than the exception (8), limitations in esti-
mation of biologic activity from chemical
composition information would exist even
with complete knowledge of the chemical
identity of a mixture. Toxicity data are
lacking for many chemicals. Rat oral LD
data may be among the most commonly

available toxicity information; however,
Simmons and Berman (6) found that 15%
of the chemicals identified in these waste
samples lacked even this basic information.
Lack of toxicity data on component chemi-
cals has been noted for mixtures as diverse
as diesel exhaust (28) and those from Love
Canal (29). In addition to sparse and/or
insufficient toxicity information on many
of the single chemicals present in mixtures,
there are little data regarding potential
interactions. Interactions among the many
chemicals in these mixtures may include
synergy, potentiation, antagonism, and
additivity. Relative to the examination of
nonadditive interactions in the liver, there
has been little investigation of nephrotoxic-
ity resulting from exposure to multiple
chemicals.

Although the focus here is nephrotoxic-
ity, it is important to note briefly that these
samples have been evaluated also for lethal-
ity (as noted above), hepatotoxicity, muta-
genicity in Salmonella, and genotoxicity in
the prophage-induction assay. Qualitative
responses are summarized in Table 6. As is
readily discerned, the waste samples pro-
duced a different pattern of toxicity
depending on the biologic end point. A
limitation of biologic evaluation of haz-
ardous waste samples is that toxicity or lack
of toxicity in one assay may not be predic-
tive of the effect in another assay system.
For example, sample K was neither muta-
genic, genotoxic, nor nephrotoxic but pro-
duced lethality and hepatotoxicity.
Conversely, sample 0 appeared nontoxic
in the in vivo mammalian assays but was
mutagenic in Salmonella.

Work with real-world mixtures such as
these 10 samples of complex industrial
waste has the advantage of direct environ-
mental relevance for that particular mix-
ture. Disadvantages associated with
toxicologic evaluation of real-world wastes
include the difficulties in obtaining a
homogeneous sample representative of a
disposal site, leachate, or industrial waste
stream due to changes in chemical compo-
sition between different areas of a waste
disposal site as well as changes in chemical
composition over time in the same area of a
site and in the leachate from the site due to
differences in the mobility and solubility of
chemicals contained in the site (8).
Additionally, waste streams from similar
processes may vary in composition (30).
An additional disadvantage is that chemical
characterization of environmental samples
is typically incomplete, greatly increasing
the difficulty of extrapolation to other mix-
tures, even those whose known composition
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Table 6. Summary of biological effects of complex waste mixtures. a

Waste Salmonella Prophage
sample Lethality Hepatotoxicityb Nephrotoxicityc mutagenicityd inductions
A + + + + +
B + + o o +
E o + + 0 NT
G + + + + +
H o o 0 + +
J + + 0 + +
K + + 0 0 0

L + + + + +
M + + 0 + +
0 0 0 0 + 0

NT = not tested. "Taken, with exception of nephrotoxicity summary, from Simmons (8). bHistopathology was used
as the criterion of hepatotoxicity. Clf a positive response was obtained for either absolute or relative kidney weight
and at least one serum parameter (BUN, CREAT, BUN/CREAT), the summary response was considered positive. dIf
a positive response was obtained for either the crude waste or its dichloromethane extract in either strain TA98 or
strain TA100 with or without metabolic activation, the summary response was considered positive. "If a significant
repsonse was obtained for the crude waste with or without metabolic activation, the summary response was con-
sidered positive.

is similar. Work with simple mixtures has
the advantage that they can be readily used
to test mechanistic hypotheses; elucidation
of the underlying mechanisms) results in
greater confidence in extrapolations) to
other interactions operating by the same
mechanismss. At the same time, work with
simple mixtures has the disadvantage that
most human exposure is thought to be to
complex mixtures. Thus, improvements in
the risk assessment of chemical mixtures will
require a combination of approaches involv-
ing toxicological evaluation of real-world
complex mixtures, chemically defined syn-
thetic mixtures, and simple mixtures.
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